Low-carbon high-strength steel was investigated by ultra fast cooling (UFC) processing. The results have shown that the microstructures of both steels were all composed of quasi polygonal (QF), acicular ferrite (AF) and granular bainite (GB). The mechanical properties of low-carbon steel all meet the standard requirements of linepipe steels, this is attributed to the effect of the ferrite grain refinement which is resulted in UFC processing. MA islands are more finely dispersed in steel B. Nanoprecipitates which were likely to form at lower temperatures during or after UFC in steel B are finer and more dispersed than those in steel A. Therefore, steel B has higher ultimate tensile strength (UTS) and yield strength (YS). The Charpy absorbed energy (A K ) of steel B exhibited a high value. This is because the amount of AF in steel B is much more than that in steel A. A great deal of acicular ferrite grain boundary inhibit growing cleavage crack in steel B. 
INTRODUCTION
Pipeline steels are widely used to meet the demand of a high-pressure condition [1] . The increase of strength is accompanied with reduced ductility and toughness, which is an important property to ensure structural integrity of the pipeline over a long time period [2] . Many mechanisms are used for developing the strength and toughness of pipeline steels. Thermo-mechanical controlled processing (TMCP) followed by air cooling and water quenching was attempted earlier to emphasise the importance of characterization of microstructural change and mechanical properties of ultrahigh strength steel [3, 4] . Ultra fast cooling (UFC) processing is a novel technique which is used to improve the microstructure and mechanical properties in the steels plate line [5] .
In this article, X70 and X80 pipeline steels were fabricated by UFC processing. The microstructural evolution and tensile and Charpy impact properties of lowcarbon high-strength steel was investigated.
EXPERIMENTAL PROCEDURE
The steels used in the present study were X70 and X80 grade steels, and are referred as "A" and "B", respectively. Their chemical compositions and measured transformation temperature Tnr, Ar3 and Ar1 (nonrecrystallization temperature of austenite, the start and finish temperatures of the austenite-to-ferrite transformation) are shown in Table 1 . After austenitizing at 1200℃ for 280 min, rolling was started at 1150℃ above the nonrecrystallization temperature of austenite for both steels and finished rolling at 820℃ and 815℃ for steel A and B, respectively. After finishing rolling, steel A and B were air cooled to the start cooling temperature of 780℃, and then were water cooled to 550℃ and 460℃, respectively, at a cooling rate of 29.8℃/s, and finally were air cooled to room temperature. The thicknesses of the final steel A and B slabs were 17.5 mm and 19.3 mm, respectively. Tensile tests were performed, and Charpy impact tests of steels A and B were repeated five times at -10℃ and -15℃, respectively. The specimens for light optical microscopy (LOM) were colour etched using the LePera method [6] . The microstructure was investigated further by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The volume fraction of microstructures present in the specimens were measured by an image analyzer.
EXPERIMENTAL RESULTS

Tensile and Charpy Impact Testing Results
Ten specimens in the X70 and X80 steels exhibit distinct mechanical properties values, and the mechanical properties of X80 steel were higher than those of X70 steel. Average ultimate tensile strength (UTS), yield strength (YS), yield ratio (YS/UTS), total elongation (TEL) and the Charpy absorbed energy (AK) of ten specimens after UFC are summarized in Table 2 . Where MV is the measured value during testing at -10℃ and -15℃, respectively, SR is the standard requirements of linepipe steels. In Table 2 , UTS (644MPa), YS (573MPa) and TEL (39％) were obtained for the X70 steel. And higher UTS, YS and TEL in the X80 steel up to 687MPa, 564MPa and 33%, respectively, were achieved by UFC. Charpy absorbed energies were 381J and 376J for the X70 and X80 steel, respectively. The whole mechanical properties of the X70 and X80 steels all meet the standard requirements of line pipe steels.
Microstructures
Optical and SEM micrographs for the two steels after UFC are shown in Fig. 1 , respectively. With LePera etchant ferrite appears grey, bainite appears black and MA islands appear white. Steel A is mainly composed of quasi polygonal (QF), acicular ferrite (AF) and granular bainite (GB) (Fig. 1 (a) ). Steel B mostly consists of AF, together with GB, instead of P (Fig. 1 (b) ). There are a lot of white color secondary phases which may be cementite, retained austenite, and martensiteaustenite constituents in the SEM for steel B. The amount of AF in steel B is much more than that in steel A. The quantities of MA islands and bainite also have a greater tendency for steel B (Fig. 1 (c) (d) ). The results of the volume fractions of secondary phases are shown in Table 3 . The ferrite grain size decreases with an increasing linepipe steel grade. Secondary phases are mainly retained austenite and martensite-austenite constituents. The volume fraction of MA in the X80 steel is high. TEM micrographs of the specimens for steel A and B after UFC are shown in Fig. 2 , respectively. A representative area of the general microstructure of QF and AF can be observed in steel A (Fig. 2 (a) ). The final microstructure exhibits a representative characteristic of a needlelike appearance and a relatively high dislocation density in steel B (Fig. 2 (b) ). The precipitation of very finely dispersed microalloying carbides and carbonitrides was found by TEM, and nanoprecipitates in steel B are finer and more dispersed than those in steel A (Fig. 2 (c) (d) ). 
DISCUSSION
Microstructures having different volume fractions of AF, GB and MA are formed by UFC processing (Fig. 1) . The amount of GB in steel B is higher than that 200nｍ 0.1μｍ 0.5μｍ 0.5μｍ 10μｍ 10μｍ in steel A due to the presence of Mo (Table 3 ). The addition of Ni lowers the ductile brittle transition temperature, and thus the Charpy absorbed energy of steel B was satisfactory. UFC produces low-temperature transformation microstructures containing a significant amount of AFs (Figs. 1 and 2 ).he number of intragranular nucleation sites formed in austenite increases owing to the presence of relatively more alloying elements in the steel (Table 1) . Fast cooling after hot deformation promotes the formation of acicular ferrite (Fig. 1) . A combination of high cooling rate and low coiling temperature/interrupted cooling temperature in microalloyed steels helps to produce a fine bainitic/acicular ferrite microstructure, making higher strength steels possible [7] . Steel B contain larger amounts of AF (Table 3) because of cooling rapidly to a relatively low finish cooling temperature. The amount of AF in steel B is much more than that in steel A (Figs 1) . A microstructure of acicular ferrite has the potential of combining high strength and high toughness, because a crack would have to follow a more tortuous path through a microstructure of acicular ferrite. Acicular ferritic microstructure and its dislocation tangles provide many reversible traps for hydrogen in plate and linepipe steels. Consequently, the Charpy absorbed energy (AK) of steel B exhibited a high value. MA islands are more finely dispersed in steel B (Table 3) . These finely dispersed MA islands not only provide dispersion strengthening, but also reduce loss of impact properties to pipeline steels. The tendency for cracking decreases as the stress concentrations reduces. Therefore, higher strength and toughness is also attributed to the presence of substantially finely dispersed MA islands and precipitates despite they to a certain extent loses toughness.
The microalloy carbonitride particles can precipitate during hot deformation and UFC (Fig. 2) . The fine Nb/Ti (C, N) particles not only provided precipitation strengthening, but refined the ferrite grains. The size and distribution of precipitates (Nb/Ti carbonitrides) in steel B are finer and more dispersed than those of in steel A due to relatively low finish cooling temperature (Fig. 2) . This is one important reason for that the mechanical properties of steel B were higher than those of steel A.
CONCLUSIONS
(1) Low-carbon steel was fabricated by UFC processing. The microstructures of both steels were all composed of QF, AF and GB. Low-carbon steel has high strength without loss of the toughness, this is attributed to the effect of the ferrite grain refinement which is resulted in UFC processing.
(2) MA islands are more finely dispersed in steel B. Nanoprecipitates which were likely to form at lower temperatures during or after UFC in steel B are finer and more dispersed than those in steel A. Steel B has higher UTS and YS because it has larger amounts of GB due to higher Mo content.
(3) The Charpy absorbed energy (AK) of steel B exhibited a high value, this is because the amount of AF in steel B is much more than that in steel A due to UFC processing. A great deal of acicular ferrite grain boundary inhibit growing cleavage crack in steel B.
